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possible to determine the lighting conditions at earth launch 
and lunar landing for any time during the lunar month, any 
season of the year, and any time during the lunar precession 
cycle of 18.6 years. A simplified sun-earth-moon model is con- 
sidered, in which the lunar equator is assumed to lie in the 
plane of the lunar o r b i t ,  which is assumed to be circular. The 
equations are used to determine how Apollo launch opportunities 
are influenced by: 1) Requiring that the elevation of the sun at 
lunar landing be within the range from 7 to 20 degrees from the 
eastern horizon, and that the selenographic longitude of the 
landing site be within the range from -45 to t45 degrees, 2) Re- 
quiring that earth launch take place in daylight, and 3) Simulta- 
neously imposing both of the above constraints. 

A graphical technique is used in which restriction 1 is 
represented by one area on a graph, restriction 2 gives rise to 
another area on the same graph, and restriction 3 is then given 
by the intersection of the two areas. The results show that f o r  - - _ _  
the assumed lunar lighting constraint the vast majority of day- 
light launch windows are associated with Pacific injections for 
any month during the 18.6 year lunar cycle. 
between daylight launches and Pacific injections is then explained 
geometrically by relating the position of the earth launch site 
for the two daily launch windows to the target earth-moon vector 
and the position of the sun. 

The high correlation 
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The graphs are presented in such a way that the 
of different lunar lighting constraints can be evaluated. 
the effect of restricting launches to something other than 
period from sunrise to sunset can be evaluated 
the equations and approximately from the 
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I .  I N T R O D U C T I O N  

Cur ren t  ground r u l e s  f o r  t h e  Apol lo  m i s s i o n  s p e c i f y  
t h a t  t h e  e l e v a t i o n  of t h e  sun from t h e  e a s t e r n  h o r i z o n  be re- 
s t r i c t e d  to t h e  r a n g e  between 7 and 20 d e g r e e s  a t  l u n a r  l a n d i n g .  
It i s  e a s y  to see t h a t  f o r  a s i n g l e  l a n d i n g  s i t e  t h i s  c a n  o n l y  
o c c u r  f o r  a p p r o x i m a t e l y  one day o u t  o f  a s o l a r  month o f  2 9 . 5 3  
d a y s .  N e g l e c t i n g  l u n a r  p h y s i c a l  l i b r a t i o n s ,  t h e  dawn t e r m i n a t o r  

360 rn- n r  s u n r i s e  l i n e  moves a t  the -a te  ~f __-- = 12.2O per d a y .  I U  29.53  
a n  o b s e r v e r  n e a r  t h e  l u n a r  e q u a t o r  t h e  sun  appears to move a t  
t h e  same r a t e  a c r o s s  t h e  sky .  T h e r e f o r e  t h e  t ime i n t e r v a l  t h a t  
t h e  e l e v a t i o n  o f  t h e  sun  f a l l s  w i t h i n  t h e  r e q u i r e d  e l e v a t i o n  
r a n g e  w i l l  be s l i g h t l y  more t h a n  one  day ,  and t h e  p o t e n t i a l  num- 
b e r  of m i s s i o n s  t o  t h a t  s i t e  i s  e s s e n t i a l l y  r e d u c e d  t o  one  p e r  
s o l a r  month.  

A f u r t h e r  r e d u c t i o n  i n  l a u n c h  o p p o r t u n i t i e s  i s  produced  
if t h e  r e q u i r e m e n t  i s  iinvoked t h a t  laur ich from t h e  e a r t h  t ake  
p l a c e  i n  d a y l i g h t .  One might e x p e c t  t h a t  on t h e  a v e r a g e  50% o f  
t h e  l a u n c h  o p p o r t u n i t i e s  would o c c u r  i n  d a y l i g h t  and 50% would 
o c c u r  a t  n i g h t .  The a c t u a l  p e r c e n t a g e  o c c u r r i n g  i n  d a y l i g h t  i s  
c o n s i d e r a b l y  l e s s  t h a n  t h i s  because  any  ea r th  l i g h t i n g  c o n s t r a i n t  
i m p l i e s  t h a t  a n  e n t i r e  l aunch  window s h o u l d  o c c u r  i n  d a y l i g h t .  

E a r t h  l a u n c h  l i g h t i n g  c o n d i t i o n s  a r e  d e t e r m i n e d  i n  t h i s  
memorandum by first d e t e r m i n i n g  t h e  i n e r t i a l  p o s i t i o n  o f  t h e  
l a u n c h  s i t e  v e c t o r  f o r  d i f f e r e n t  a n g u l a r  p o s i t i o n s  o f  t h e  moon 
d u r i n g  t h e  month. When i n  a d d i t i o n  t h e  a n g u l a r  p o s i t i o n  o f  t h e  
sun  r e l a t i v e  to t h e  e a r t h  i s  s p e c i f i e d ,  t h e  l i g h t i n g  c o n d i t i o n s  
for b o t h  ea r th  l a u n c h  and l u n a r  l a n d i n g  can  be  computed. The 
r e s u l t s  of computa t ions  o f  t h i s  t y p e  a re  p r e s e n t e d  i n  t h e  form 
of c o n t o u r  g r a p h s  which u s e  t h e  above-mentioned p o s i t i o n s  of t h e  
sun  and moon as  c o o r d i n a t e  v a r i a b l e s .  From t h e  g r a p h s  and geo- 
m e t r i c a l  a n a l y s i s ,  g e n e r a l  c o n c l u s i o n s  a re  drawn abou t  t h e  
manner i n  which t h e  l i g h t i n g  c o n s t r a i n t s  i n f l u e n c e  l a u n c h  
o p p o r t u n i t i e s  for a n  e n t i r e  1 8 . 6  year l u n a r  c y c l e .  
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A l i s t  o f  symbols and t h e i r  d e f i n i t i o n  i s  g i v e n  i n  
Appendix I .  
t h e  l a u n c h  s i t e  v e c t o r .  
p l a n a t i o n  of  some o f  t h e  c o n c l u s i o n s .  

Appendix I1 p r e s e n t s  d e t a i l s  o f  t h e  computa t ion  of  
Appendix I11 g i v e s  a g e o m e t r i c a l  ex- 

11. POSITIONS OF THE S U N ,  MOON, AND LAUNCH VECTOR 

i s  shown i n  F i g u r e  l a .  
measured a l o n g  t h e  e c l i p t i c  and r e f e r e n c e d  t o  t h e  v e r n a l  
e q u i n o x .  From s p h e r i c a l  t r i g o n o m e t r y ,  

The a p p a r e n t  motion o f  t h e  s u n  r e l a t i v e  t o  t h e  e a r t h  
QA i s  t h e  a n g u l a r  p o s i t i o n  of  t h e  sun  

S 

(1) R A ~  = tan- '(cos is t a n  Q A ~ )  

0 < RAs - < 360O 

( R A s  i s  i n  t h e  same q u a d r a n t  as  &As)  

- 

-1 ( 2 )  DECs = s i n  ( s i n  i s i n  & A s ) ,  
-90' < DEC < 90" S 

s -  - 

where 

RAs = r i g h t  a s c e n s i o n  o f  t h e  sun  

DECs = d e c l i n a t i o n  o f  t h e  sun  

= a n g l e  between e c l i p t i c  and e q u a t o r i a l  
S p l a n e s  (2 23 .45" )  

i 

The mot ion  of t h e  moon r e l a t i v e  t o  t h e  ea r th  i s  shown 
i n  F i g u r e  lb. QA i s  t h e  a n g u l a r  p o s i t i o n  of t h e  moon i n  i t s  
o r b i t ,  measured from i t s  a s c e n d i n g  node .  The p o s i t i o n  o f  t h e  
n o d a l  l i n e  r e l a t i v e  t o  t h e  v e r n a l  equ inox  i s  s p e c i f i e d  by t h e  
a n g l e  RAnode ,  which v a r i e s  from a p p r o x i m a t e l y  -13 t o  +l3 d e g r e e s  

m 

i n  a n  1 8 . 6  year  c y c l e  as shown i n  F i g u r e  2 .  R e f e r r i n g  t o  F i g u r e  
1 b  , 
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-1 Rm = t a n  ( c o s  im t a n  &Am) 

0 < Rm c 360' - - 

(Rm i s  i n  t h e  same q u a d r a n t  as  &Am) 

( 3 )  

( 5 )  DEC, = s i n  -1 ( s i n  im s i n  QA,), 
-90' < DEC < g o o  m -  - 

where 

RAm = r i g h t  a s c e n s i o n  o f  t h e  moon 

DEC, = d e c l i n a t i o n  o f  t h e  moon 

i = i n c l i n a t i o n  of  t h e  l u n a r  o r b i t  p l a n e  w i t h  
r e s p e c t  t o  t h e  e q u a t o r i a l  p l a n e .  

d e g r e e s  i n  t h e  same 1 8 . 6  year  c y c l e  as ex- 
h i b i t e d  by  RAnode. 

im 
-- V ~ L - L ~ S  ... -- 2 between a p p r o x i m a t e l y  1 8 . 5  and 28.5 

(See F i g u r e  2 )  

A s  shown i n  F i g u r e  l b ,  t h e  s p a c e c r a f t  o r b i t a l  p l a n e  
i s  assumed to c o n t a i n  t h e  earth-moon v e c t o r  as  d e t e r m i n e d  a t  
l u n a r  a r r i v a l ,  and makes a d i h e d r a l  a n g l e  DL w i t h  t h e  l u n a r  
o r b i t a l  p l a n e .  The i n e r t i a l  p o s i t i o n  v e c t o r  o f  t h e  l a u n c h  
s i t e  l i e s  i n  t h e  s p a c e c r a f t  o r b i t a l  p l a n e .  Fo r  s t u d i e s  o f  t h e  
l i g h t i n g  c o n d i t i o n s  a t  e a r t h  l a u n c h  it i s  des i rab le  to de te r -  
mine t h e  r i g h t  a s c e n s i o n  o f  t h e  l a u n c h  v e c t o r  when t h e  f o l l o w -  
i n g  q u a n t i t i e s  are g i v e n :  

AL - l aunch  a z i m u t h  

RAm - r i g h t  a s c e n s i o n  o f  t h e  moon a t  a r r i v a l  

DEC, - d e c l i n a t i o n  o f  t h e  moon a t  a r r i v a l  

- l aunch  s i t e  l a t i t u d e  4L 
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RAm and DEC, t h e n  d e f i n e  t h e  " t a r g e t "  earth-moon v e c t o r .  Appen- 
d i x  I1 g i v e s  t h e  a p p r o p r i a t e  e q u a t i o n s  and t h e i r  d e r i v a t i o n .  A s  
i n d i c a t e d  t h e r e ,  two s o l u t i o n s  a re  p o s s i b l e :  

RALA = f l ( A L ,  RA,, DEC,, 4,) 

RALp = f 2 ( A L ,  RA,, DEC,, (p,) 

where 

RALA = r i g h t  a s c e n s i o n  o f  l a u n c h  s i t e  which i s  
ahead o f  t h e  earth-moon v e c t o r  ( c o r r e -  
sponds t o  an  A t l a n t i c  i n j e c t i o n )  

RALp = r i g h t  a s c e n s i o n  o f  l a u n c h  s i t e  which i s  
behind t h e  earth-moon v e c t o r  ( c o r r e s p o n d s  
t o  a P a c i f i c  i n j e c t i o n )  

An u n d e r s t a n d i n g  o f  t h e  g r o s s  b e h a v i o r  o f  RAL and 
as  &Am v a r i e s  w i l l  b e  u s e f u l  f o r  t h e  s u c c e e d i n g  s e c t i o n s  of 

A 
RAL 
t h i s  memorandum. 
ahead o f  t h e  earth-moon v e c t o r  by abou t  goo. 
t o  3 6 0 0  RALA r e m a i n s  ahead  o f  t h e  earth-moon v e c t o r  by  a v a r y i n g  
amount which i s  r e s t r i c t e d  t o  t h e  r a n g e  0' - 1800. I n  a n  a n a l -  
ogous  way, as &Am v a r i e s  f r o m  O o  t o  360O RALp s ta r t s  a b o u t  g o o  
beh ind  t h e  earth-moon v e c t o r  and r e m a i n s  beh ind  i t  by a v a r y i n g  
amount which i s  r e s t r i c t e d  t o  t h e  r a n g e  O o  - 1800. 

P 
R e f e r r i n g  t o  F i g u r e  lb, when QA = 0 ,  RALA i s  m 

A s  &Am i n c r e a s e s  

To e a c h  o f  t h e  t w o  l a u n c h  o p p o r t u n i t i e s  t h e r e  c o r r e -  
P sponds  a d i h e d r a l  a n g l e  DLA ( A t l a n t i c  i n j e c t i o n )  and  DL 

( P a c i f i c  i n j e c t i o n ) .  An i n - p l a n e  l a u n c h  i s  d e f i n e d  as  t h e  l a u n c h  
o p p o r t u n i t y  whose d i h e d r a l  a n g l e  i s  t h e  smaller o f  t h e  two.  A s  
shown i n  Appendix I1 and F i g u r e  2 1 ,  A t l a n t i c  i n j e c t i o n  l a u n c h e s  
a re  ou t -o f -p l ane  and P a c i f i c  i n j e c t i o n  l a u n c h e s  a re  i n - p l a n e  when 
&Am i s  i n  t h e  r a n g e  90' 2 &Am - < 270O. 

d u r i n g  t h e  r ema inde r  o f  t h e  l u n a r  c y c l e .  
The s i t u a t i o n  i s  r e v e r s e d  
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111. L I G H T I N G  CONDITIONS AT LUNAR L A N D I N G  

The l u n a r  o r b i t a l  p l a n e  and t h e  l u n a r  e q u a t o r i a l  p l a n e  
a re  i n c l i n e d  t o  t h e  e c l i p t i c  p l a n e  by a p p r o x i m a t e l y  5 O  and 1-1/2O 
r e s p e c t i v e l y .  These  a n g l e s  a re  small  enough so t h a t  for t h e  pu r -  
p o s e s  of d e t e r m i n i n g  l u n a r  l i g h t i n g  c o n d i t i o n s  a l l  t h ree  p l a n e s  
can  be  c o n s i d e r e d  c o i n c i d e n t .  F i g u r e  3 shows t h e  geometry  i n -  
v o l v e d .  An o b s e r v e r  i s  assumed t o  be s t a t i o n e d  a t  p o i n t  0 ,  on 
t h e  moon's s u r f a c e  and on t h e  earth-moon l i n e .  I g n o r i n g  l o n g i -  
t u d i n a l  l i b r a t i o n s  (assuming a c i r c u l a r  l u n a r  o r b i t ) ,  t h i s  
c o r r e s p o n d s  t o  a s e l e n o g r a p h i c  l o n g i t u d e  ( A  ) of z e r o .  The 
e l e v a t i o n  o f  t h e  sun  (Esm) i s  d e f i n e d  as  t h e  a n g l e  between t h e  

moon-sun v e c t o r  and a v e c t o r  drawn from 0 t o  t h e  e a s t e r n  h o r i -  
zon.  From t h e  f i g u r e  

S 

A = &A; + 1 8 0  - &As 

Esm = A t D = A t g o o  

T h e r e f o r e ,  

= QAA - &As - 90' . E s m  

To d e t e r m i n e  QAA, it i s  s u f f i c i e n t l y  a c c u r a t e  t o  neg- 
l e c t  t h e  f a c t  t h a t  &Am of F i g u r e  l b  l i e s  i n  a d i f f e r e n t  p l a n e  
from RAnode. Then 

QAA 2 &Am t RAnode 

and  

- goo Esm = &Am - &As + RAnode % ( 7 )  



, 
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F i g u r e  4 i s  s i m i l a r  t o  F i g u r e  3 ,  e x c e p t  t h a t  t h e  
observer i s  assumed t o  be s t a t i o n e d  a t  a s e l e n o g r a p h i c  l o n g i -  
t u d e  e q u a l  t o  xS. It can  be s e e n  t h a t  

D = A s  + goo 9 

and 

% 
ESm = &Am - &As + RAnode - goo + A s  

Note t h a t  Esm i s  0 a t  s u n r i s e ,  90" when t h e  sun  i s  a t  
t h e  z e n i t h ,  180° a t  s u n s e t ,  and 270' when t h e  s u n  i s  a t  t h e  

= 0 ,  e q .  ( 8 )  n a d i r .  
i n d i c a t e s  t h a t  t h e  moon should  be 90" ahead o f  t h e  s u n .  T h i s  
c a n  a l s o  be deduced d i y e c t i y  f'rom F i g u r e  3 .  

For  s u n r i s e  a t  t h e  moon w i t h  A - - RAnode S 

I V .  L I G H T I N G  CONDITIONS AT LAUNCH 

The l i g h t i n g  c o n d i t i o n s  a t  ea r th  l a u n c h  c a n  e a s i l y  be 
d e t e r m i n e d  i f  t h e  p o s i t i o n  of t h e  sun  r e l a t i v e  t o  t h e  e a r t h  
(RAs  and D E C s )  and t h e  i n e r t i a l  p o s i t i o n  of t h e  l a u n c h  s i t e  
( R A L A  o r  RALp and 9,) are  known. The geometry i n v o l v e d  i s  shown 
i n  F i g u r e  5 .  The a n g u l a r  d i s t a n c e  o f  t h e  sun  from t h e  z e n i t h  i s  
e q u a l  t o  t h e  a r c  f .  The e l e v a t i o n  o f  t h e  sun  above t h e  h o r i z o n  
(Ese)  can  be computed as  f o l l o w s :  

F = RAs - RAL ( 9 )  

-1 f = c o s  ( s i n + L  s i n  DECs  + c o s + L  c o s  DECs c o s  F )  ( 1 0 )  

Fo r  t h e  s u n r i s e  or s u n s e t ,  Ese = 0 and e q u a t i o n  ( 1 0 )  

r e d u c e s  t o  
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(12) 
-1 Fo = c o s  ( - t a n  +L t a n  D E C s )  

A t  noon,  F = 0 ,  RAs = RAL, and Ese = 90 - oL t DECs. 

To d i s t i n g u i s h  between s u n r i s e  and s u n s e t ,  a n  a p p r o x i -  
mate fo rmula  c a n  be u s e d ,  i n  which i t  i s  assumed t h a t  
DECs = 0, = 0 .  Then f = F and 

L i k e  ESm, E k e  i s  0' a t  s u n r i s e ,  90' a t  noon,  180' a t  
s u n s e t ,  and 270' a t  midn igh t .  

The l e n g t h  o f  t h e  l o n g e s t  d a y  a t  Cape Kennedy c a n  b e  
de t e rmined  by s e t t i n g  + = 9 R  K o  , DEC = 23 .h5O , a:ld computing L L " * '  S 
t h e  t i m e  r e q u i r e d  for t h e  e a r t h  t o  r o t a t e  t h r o u g h  a n  a n g l e  2Fo. 
E q u a t i o n  (12) g i v e s  Fo = 103.62  d e g r e e s .  Then 

- 103'62 = 13.8 h o u r s  
we DL - 

where 

DL = l e n g t h  o f  t h e  l o n g e s t  d a y  a t  Cape Kennedy 

= a n g u l a r  v e l o c i t y  o f  t h e  ea r th ,  r e l a t i v e  t o  
we t h e  s u n  (15 ' / h r ) .  

S i m i l a r l y ,  t h e  l e n g t h  o f  t h e  s h o r t e s t  d a y ,  ( D s )  i s  d e t e r m i n e d  
by s e t t i n g  DECs = -23.45' i n  which c a s e  Fo = 76.38' and 
Ds = 1 0 . 2  h o u r s .  

V .  RESULTS 

(1) G r a p h i c a l  R e p r e s e n t a t i o n  

It i s  c o n v e n i e n t  t o  c o n s i d e r  t h e  q u a n t i t i e s  &As and 
&Am as  independen t  v a r i a b l e s ,  and t o  u s e  them as  t h e  c o o r d i n a t e  
axes  i n  a g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  l i g h t i n g  c o n d i t i o n s  
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a t  e a r t h  l a u n c h  and l u n a r  l a n d i n g .  A change from 0 to 360' i n  
&Am r e p r e s e n t s  one l u n a r  month o f  27 .3  d a y s .  A similar change 
i n  &As r e p r e s e n t s  one y e a r  o f  365.25 d a y s .  
sun  i s  a t  t h e  v e r n a l  equinox;  when &Am = 0 ,  t h e  moon i s  a t  i t s  
e a r t h  e q u a t o r i a l  a s c e n d i n g  node. F i g u r e  6 i s  a n  example o f  t h e  
t y p e  o f  g raph  d e s c r i b e d .  A s  t i m e  i n c r e a s e s  t h e  moon moves up- 
wards and t o  t h e  r i g h t ,  t r a c i n g  o u t  s u c c e s s i v e  p a r a l l e l  s t r a i g h t  
l i n e s  ( i g n o r i n g  l u n a r  e c c e n t r i c i t y )  h a v i n g  a s l o p e  o f  a p p r o x i -  
m a t e l y  1 3 .  The phase  r e l a t i o n s h i p  between moon and s u n  must be 
known t o  l o c a t e  t h e  p a t h  e x a c t l y .  The l o c u s  of  t h e  moon's  
mo t ion  a s  shown on F i g u r e  6 was p l o t t e d  from t h e  f o l l o w i n g  t a b l e :  

When &As  = 0 ,  t h e  

Occur rence  o f  Lunar 
Ascending Node 

A b s c i s s a  T ime  from 
Date T i m e  Equinox ( & A s  

A p r i l  8 ,  1967 2 0  h 18.5 d a y s  i 8 . 2 3 0  
May 6 ,  1967 2 45.75 45.  09' 
J u n e  2 ,  1967 9 7 3 - 0 4  71-99 '  
J u n e  29, 1967 15 1 0 0 . 2 9  98.84O 

The data f o r  t h e  f i r s t  two columns was o b t a i n e d  from 
t h e  American Ephemeris  and N a u t i c a l  Almanac for 1967.  The t i m e  
o f  o c c u r r e n c e  o f  t h e  v e r n a l  equinox i s  g i v e n  t h e r e  as  March 2 1  
a t  8 : o o  a . m .  The t h i r d  column i s  t h e  t i m e  i n t e r v a l  f rom t h e  
equ inox  t o  t h e  t i m e  of  t h e  l u n a r  a s c e n d i n g  node.  T h i s  i s  con- 
v e r t e d  i n  column 4 t o  d e g r e e s  by m u l t i p l y i n g  by .9856,  t h e  
a v e r a g e  a p p a r e n t  a n g u l a r  v e l o c i t y  of  t h e  sun  i n  degrees p e r  d a y .  
Column 4 g i v e s  t h e  v a l u e s  of  &As f o r  which &Am e q u a l s  0 or 360° ,  
and t h e s e  a r e  t h e  p o i n t s  p l o t t e d  i n  F i g u r e  6 .  A s  ment ioned  
b e f o r e ,  a s t r a i g h t  l i n e  r e l a t i o n  between &Am and &As i s  assumed. 

( 2 )  Lunar  L i g h t i n g  

I n  t h i s  s e c t i o n  t h e  r e s t r i c t i o n s  imposed on l a u n c h  
o p p o r t u n i t i e s  by t h e  l u n a r  l i g h t i n g  c o n s t r a i n t  w i l l  b e  d e v e l o p e d .  
E q u a t i o n  ( 8 )  i s  t h e  gove rn ing  e q u a t i o n .  For p l o t t i n g  p u r p o s e s  i t  
i s  c o n v e n i e n t  t o  i n t r o d u c e  a new v a r i a b l e  Eo which i s  d e f i n e d  b y  
t h e  e q u a t i o n  : 
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E q u a t i o n  ( 8 )  t h e n  becomes: 

Eo 2 &Am - &As + RAnode - 90 

Note t h a t  Eo i s  t h e  e l e v a t i o n  o f  t h e  sun  a t  As = 0 .  

E q u a t i o n  ( 1 6 )  i s  p l o t t e d  i n  F i g u r e  7 by a l l o w i n g  Eo t o  t ake  on 
v a r i o u s  f i x e d  v a l u e s  as shown. The r e s u l t i n g  g r a p h  i s  a f a m i l y  
o f  s t r a i g h t  l i n e s  from which t h e  l i g h t i n g  c o n d i t i o n s  a t  a l u n a r  
l a n d i n g  s i t e  c a n  be de te rmined  when QA s, &Am, and A s  a re  known. 

2 0 f o r  t h e  assumed 1966-71 t i m e  p e r i o d . )  S i n c e  Apo l lo  (RAnode 
m i s s i o n s  a re  r e s t r i c t e d  t o  -45" - < A s  - < 45", and r e c a l l i n g  t ha t  
7 O  < E < 2 0 ° ,  u s e  of Equa t ion  ( 1 5 )  w i l l  show t h a t  Eo i s  re- 
s t r i c t e d  t o  t h e  range -38" < E < 6 5 O .  T h i s  r e g i o n  i s  i n d i c a t e d  
b y  t h e  shaded area o f  F i g u r e  7 .  It r cp rcsc f i t s  a p p r o x i m a t e l y  29% 
of  t h e  t o t a l  area o f  t h e  f i g u r e .  The l u n a r  l i g h t i n g  c o n s t r a i n t  
t h e n  r e d u c e s  t h e  number of  l aunch  o p p o r t u n i t i e s  t o  29% o f  t h e  
t o t a l ,  o r  abou t  8 d a y s  p e r  month p r o v i d e d  t h a t  any  l a u n c h  s i t e  
w i t h i n  t h e  above ment ioned  l i m i t s  on A s  can  be f r e e l y  s e l e c t e d .  

sm - - 
0 -  - 

( 3 )  E a r t h  Launch L i g h t i n g  

I n  t h i s  s e c t i o n  t h e  e f f e c t  o f  r e s t r i c t i n g  l a u n c h e s  t o  
t n e  d a y l i g h t  h o u r s  w i l l  be developed  assuming t h a t  t h e r e  are no 
l u n a r  l i g h t i n g  c o n s t r a i n t s .  The l i g h t i n g  c o n d i t i o n s  a t  e a r t h  
l a u n c h  a re  d e t e r m i n e d  by t h e  sequence  of  e q u a t i o n s  g i v e n  below: 

I n  t h e  above ,  &As and &Am a re  t h e  independen t  v a r i -  
ab les ,  im and AL a re  p a r a m e t e r s  which assume a s e t  of  f i x e d  
v a l u e s ,  is and 0 a re  c o n s t a n t s ,  and EseA and Esep,  t h e  L 

L 
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e l e v a t i o n  o f  t h e  sun f o r  t h e  A t l a n t i c  and P a c i f i c  l a u n c h e s ,  a re  
t h e  o u t p u t  v a r i a b l e s .  F i g u r e s  8-15 a r e  c o n t o u r  g r a p h s  f o r  t h e  
c o n d i t i o n s  f o r  s u n r i s e  and s u n s e t  ( t h a t  i s ,  f o r  EseA 
for t h e  l a u n c h  a z i m u t h s  of 7 2 O ,  g o o ,  and 1 0 8 ~ .  The d a y l i g h t  and 
n i g h t  h o u r s  a r e  r e p r e s e n t e d  by t h e  area between t h e  c u r v e s .  The 
area r e p r e s e n t i n g  l u n a r  l i g h t i n g  c o n d i t i o n s  i s  a l s o  shown. Note 
t h a t  t h e  ea r th  l a u n c h  c u r v e s  a r e  much more c o m p l i c a t e d  t h a n  t h e  
l u n a r  l a n d i n g  c u r v e s .  T h i s  i s  c a u s e d  by t h e  complex b e h a v i o r  of  
t h e  i n e r t i a l  p o s i t i o n  v e c t o r  o f  t h e  l a u n c h  s i t e .  Data u s e d  f o r  
t h e  f i g u r e s  i s  g i v e n  i n  t h e  t a b l e  below: 

= 0) - - Esep 

F i g u r e  Dates m RAnode i 
- 

8-9 1966-71 28.340 O0 

12-13 197  6-8 0 18 .300  O0 
3 3  i t E o  +13" 14-15 198 0-8 5 ' J * 7 1  

10-11 1971-76 23.45O -13' 

I f  t h e  l o c u s  o f  t h e  moon's mo t ion  were drawn i n  as was 
done  i n  F i g u r e  6 ,  t h e n  t h e  l e n g t h  of t h e  l i n e  segment i n  t h e  day- 
l i g h t  area w i l l  be p r o p o r t i o n a l  t o  t h e  number of  d a y s  p e r  month 
t h a t  a l a u n c h  o c c u r s  i n  d a y l i g h t .  T h i s  was done w i t h  F i g u r e s  8 
and  1 2 ,  t h e  e n t i r e  y e a r  being c o v e r e d  b y  l i n e s  c o r r e s p o n d i n g  to 
t h e  l3-odd l u n a r  months t ha t  make up one year .  The l e n g t h  o f  
the l i n e  segment that f e l l  i n  t h e  d a y l i g h t  area was f u r t h e r  sub- 
d i v i d e d  i n t o  i n - p l a n e  and ou t -o f -p l ane  p a r t s  u s i n g  t h e  c r i t e r i a  
t h a t  i n - p l a n e  P a c i f i c  i n j e c t i o n  l a u n c h e s  o c c u r  i n  t h e  i n t e r v a l  
g o o  < &A < 270°, a s  shown i n  S e c t i o n  11. The r e s u l t s  a re  g i v e n  
i n  F i g u r e  16. It c a n  be seen t h a t  a s  p o i n t e d  o u t  i n  R e f e r e n c e  
(1) a l l  i n - p l a n e  d a y l i g h t  l a u n c h e s  o c c u r  i n  s p r i n g  and summer, 
and  t h a t  d u r i n g  most of t h i s  t i m e  t h e  number o f  d a y l i g h t  i n -  
p l a n e  ' l a u n c h e s  g r e a t l y  exceeds  t h e  number o f  d a y l i g h t  ou t -o f -  
p l a n e  l a u n c h e s .  The l a t t e r  show a f a i r l y  un i fo rm d i s t r i b u t i o n  
t h r o u g h o u t  t h e  yea r .  A g e o m e t r i c a l  e x p l a n a t i o n  o f  t h i s  b e h a v i o r  
i s  g i v e n  i n  Appendix 111. The i n - p l a n e  c u r v e  f o r  i = 2 8 . 3 0  
e x h i b i t s  a f l a t  t o p  which i s  n o t  p r e s e n t  i n  t h e  c o r r e s p o n d i n g  
c u r v e  f o r  im = 18.3O, but  i n  g e n e r a l  t h e  e f f e c t  o f  a change  i n  
i i s  n o t  g r e a t .  

m -  - 

m 

m 
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The A t l a n t i c  i n j e c t i o n  c u r v e s  ( F i g u r e s  9 and 1 3 )  are  
i d e n t i c a l  i n  shape to t h e  c o r r e s p o n d i n g  P a c i f i c  c u r v e s  ( F i g u r e s  
8 and  12) e x c e p t  t h a t  &Am i s  1800 g rea t e r  f o r  t h e  same v a l u e  of  
&As.  F i g u r e  1 6  t h e r e f o r e  a p p l i e s  t o  e i t h e r  A t l a n t i c  o r  P a c i f i c  
i n  j e c t  i o n s .  

I n  o b t a i n i n g  t h e  r e s u l t s  j u s t  d i s c u s s e d  t h e  d a y l i g h t  
h o u r s  have been t a k e n  to be t h e  area between t h e  c u r v e s  f o r  
which AL = 72' f o r  s u n r i s e  and AL = 108O f o r  s u n s e t .  The f u l l  
4-1/2 hour  l a u n c h  window i s  t h e n  a v a i l a b l e  t h r o u g h o u t  t h e  month.  
It can  be s e e n  from F i g u r e s  8-15 t h a t  t h e  d a y l i g h t  area would be 
c o n s i d e r a b l y  i n c r e a s e d  by r e d u c i n g  t h e  108O l a u n c h  az imuth  l i m i t  
f o r  t h e  s u n s e t  boundary ,  and i n c r e a s i n g  t h e  72O l i m i t  f o r  t h e  
s u n r i s e  boundary .  Such a change ~ o u l d ,  o f  c o u r s e ,  r e s u l t  i n  a 
r e d u c e d  l a u n c h  window; however, F i g u r e s  8-15 i n d i c a t e  how t h e  
window shou ld  be t r u n c a t e d  t o  keep  t h e  r educed  window e n t i r e l y  
i n  d a y l i g h t .  

( 4 )  L u n a r  L i g h t i n g  Cons t r a i iT t s  with ~aylight Laufizhes 

I n  t h i s  s e c t i o n  t h e  e f f e c t  of  s a t i s f y i n g  b o t h  e a r t h  
l a u n c h  l i g h t i n g  and l u n a r  l i g h t i n g  c o n s t r a i n t s  w i l l  be worked 
o u t .  The area which r e p r e s e n t s  a c c e p t a b l e  l u n a r  l i g h t i n g  which 
was shown i n  F i g u r e  7 has a l s o  been i n d i c a t e d  i n  F i g u r e s  8-15. 
The common area g i v e s  t h e  c o n d i t i o n  u n d e r  which b o t h  l i g h t i n g  
c o n s t r a i n t s  a r e  s a t i s f i e d .  It i s  i m m e d i a t e l y  e v i d e n t  f r o m  
F i g u r e s  9 ,  11, 13 and 1 5  t h a t  e x c e p t  f o r  a small r e g i o n  i n  
F i g u r e  9 t h e r e  i s  no common area,  and a l l  A t l a n t i c  i n j e c t i o n  
l a u n c h e s  a re  e l i m i n a t e d .  On t h e  o t h e r  hand,  as shown i n  F i g u r e s  
8 ,  1 0 ,  1 2  and 1 4 ,  t h e r e  a r e  many P a c i f i c  i n j e c t i o n  l a u n c h e s  
which s a t i s f y  b o t h  l i g h t i n g  c o n s t r a i n t s .  T h i s  b e h a v i o r  c a n  b e  
u n d e r s t o o d  by remembering t h a t  t h e  l u n a r  l i g h t i n g  c o n d i t i o n s  are  
a p p r o x i m a t e l y  s a t i s f i e d  when t h e  sun  i s  90' beh ind  t h e  moon 
r e f e r e n c e d  t o  a n  e a r t h  c e n t e r e d  c o o r d i n a t e  s y s t e m .  The P a c i f i c  
l a u n c h  v e c t o r  i s  a l s o  behind t h e  moon, and  w i l l  t h e r e f o r e  be 
l o c a t e d  i n  d a y l i g h t .  S i m i l a r  c o n s i d e r a t i o n s  w i l l  show t h a t  t h e  
A t l a n t i c  l a u n c h  v e c t o r  w i l l  i n  g e n e r a l  be i n  d a r k n e s s .  (See 
Appendix 111.) From F i g u r e  8 i t  can  be s e e n  t h a t  t h e  most 
f a v o r a b l e  l a u n c h  t imes  occur  when &As i s  i n  t h e  r a n g e  
4 5 O  < &As < 150°, when t h e  a c c e p t a b l e  area i s  l i m i t e d  o n l y  by 

t h e  l u n a r  l i g h t i n g  c o n s t r a i n t s .  T h i s  c o r r e s p o n d s  t o  t h e  t i m e  
p e r i o d  from abou t  May to August.  The l eas t  f a v o r a b l e  l a u n c h  
t i m e  i s  i n  t h e  v i c i n i t y  o f  &As = 0 (March 2 1 ) .  

o f  F i g u r e  1 2  (im = 18.3O) i s  somewhat l a r g e r  t h a n  t ha t  o f  F i g u r e  
8 ,  (im = 28.3O) but  i n  g e n e r a l  t h e  e f f e c t  o f  a change  i n  im i s  
n o t  g r e a t .  

The common area 
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I n  F i g u r e  8 ,  t he  l i n e  Eo = 0 i s  t a n g e n t  t o  t h e  bound- 
a r y  of t h e  common area a t  &As = 0 and 1 8 0  d e g r e e s .  
a l o n g  t h i s  l i n e  b o t h  l i g h t i n g  r e s t r i c t i o n s  are  s a t i s f i e d  t h r o u g h -  
o u t  t h e  y e a r .  From E q u a t i o n  ( 1 5 )  E 

< 20° t o  c o n s e q u e n t l y  A s h o u l d  l i e  w i t h i n  t h e  r a n g e  7 O  

s a t i s f y  b o t h  l i g h t i n g  r e s t r i c t i o n s  t h r o u g h o u t  t h e  y e a r .  Ex- 
p r e s s e d  a n o t h e r  way,  t h e  l u n a r  l a n d i n g  s i t e s  s h o u l d  be biased i n  
t h e  p o s i t i v e  d i r e c t i o n  by 13-1/2' ( t h e  c e n t e r  o f  t h e  above r a n g e  
i n  A s )  f o r  t h e  b e s t  a v e r a g e  l i g h t i n g  c o n d i t i o n s  a t  b o t h  ea r th  
l a u n c h  and l u n a r  l a n d i n g .  

Note t h a t  

= A s  a l o n g  t h i s  l i n e ,  and  s m  
< S 

To i n c r e a s e  t h e  amount o f  d a y l i g h t  a f t e r  l a u n c h  i n  
c a s e  o f  a downrange a b o r t ,  t h e  s u n s e t  c u r v e s  of F i g u r e s  8-15 
c o u l d  have been s p e c i f i e d  b y  s e t t i n g  E to, s a y ,  1 5 O  i n s t e a d  
of z e r o .  T h i s  w i l l  r e s u l t  i n  a p p r o x i m a t e l y  one hour  of addi-  
t i o n a l  d a y l i g h t .  A s  shown by E q u a t i o n  13 t h e  s u n s e t  c u r v e s  w i l l  
be s h i f t e d  t o  t h e  r i g h t  by  a b m t  15", r e d u c i n g  t h e  commnn area 
somewhat. 

se 

I n  t h e  p r e v i o u s  a n a l y s i s  i t  has been assumed t h a t  
ea r th  l a u n c h  and l u n a r  l i g h t i n g  a re  of e q u a l  impor t ance  and 
moreover  t h a t  d a y l i g h t  shou ld  o c c u r  d u r i n g  t h e  e n t i r e  l a u n c h  
window. It i s  p r o b a b l y  more r e a l i s t i c  t o  adop t  t h e  p o i n t  of  
v iew t h a t  t h e  l i g h t i n g  a t  l u n a r  l a n d i n g  i s  more i m p o r t a n t ,  and  
t h a t  d a y l i g h t  l a u n c h e s  a r e  d e s i r a b l e ,  b u t  n o t  n e c e s s a r y .  
A t l a n t i c  i n j e c t i o n  l a u n c h e s  will t h e n  become a v a i l a b l e ,  and 
F i g u r e s  8-15 c a n  be used  t o  d e t e r m i n e  t h e  approx ima te  t i m e  of 
day t h a t  l a u n c h  w i l l  t ake  p l a c e .  

V I .  CONCLUSIONS 

To a good approx ima t ion  t h e  e l e v a t i o n  of t h e  sun  ( E  ) s m  
a t  a l u n a r  l a n d i n g  s i t e  i s  governed by  l i n e a r  e q u a t i o n s  which 
a p p e a r  as  s t r a i g h t  l i n e s  when p l o t t e d  w i t h  t h e  a n g u l a r  p o s i t i o n  
o f  t h e  sun ( & A s )  and t h e  moon (&A,) as  t h e  c o o r d i n a t e  v a r i a b l e s .  
When Esm i s  r e s t r i c t e d  t o  t h e  r a n g e  7' < Esm < 2 0 ° ,  t h e r e  i s  
e s s e n t i a l l y  o n l y  one l a u n c h  o p p o r t u n i t y  p e r  month f o r  a s i n g l e  
l a n d i n g  s i t e .  When i n  a d d i t i o n  t h e  l a n d i n g  s i t e  l o n g i t u d e  A 

i s  g i v e n  t h e  r a n g e  - 4 5 O  < A s  < +45O, t h e  number of l a u n c h  oppor-  
t u n i t i e s  r i ses  t o  about  8 p e r  month. A t  a f i x e d  t i m e  Esm and  h s  

are r e l a t e d  by t h e  e q u a t i o n  Esm - A s  = c o n s t a n t .  

S 
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I n  c o n t r a s t  t h e  e l e v a t i o n  o f  t h e  sun  a t  ea r th  l a u n c h  
i s  a complex f u n c t i o n  which must be  r e p r e s e n t e d  by  a f a m i l y  of 
c u r v e s  i n  t h e  &As - QA c o o r d i n a t e  s y s t e m  ment ioned  above .  
c u r v e s  which r e p r e s e n t  s u n r i s e  and s u n s e t  for A t l a n t i c  and 
P a c i f i c  i n j e c t i o n  l a u n c h e s  a r e  i d e n t i c a l  i n  shape ,  
p l a c e d  from e a c h  o t h e r  by 1 / 2  l u n a r  month. 
t e x t  t h a t  i n - p l a n e  d a y l i g h t  l a u n c h e s  o c c u r  o n l y  i n  t h e  s p r i n g  and 
summer and ou t -o f -p l ane  l a u n c h e s  o c c u r  t h r o u g h o u t  t h e  year .  

if b o t h  t h e  l u n a r  l i g h t i n g  r e s t r i c t i o n  and d a y l i g h t  l a u n c h e s  for 
t h e  f u l l  l a u n c h  window are r e q u i r e d .  
a r e  many P a c i f i c  i n j e c t i o n  l a u n c h e s  which s a t i s f y  b o t h  r e s t r i c -  
t i o n s .  For t h e s e  l a u n c h e s  t h e  bes t  l a u n c h  p e r i o d  i s  from May t o  
August .  

The 

and a re  d i s -  

m 

It i s  shown i n  t h e  

N e a r l y  a l l  A t l a n t i c  i n j e c t i o n  l a u n c h e s  a re  e l i m i n a t e d  

On t h e  o t h e r  hand t h e r e  

The h igh  c o r r e l a t i o n  between d a y l i g h t  l a u n c h e s  and 
P a c i f i c  i n j e c t i o n s  ( w i t h  t h e  c u r r e n t  l u n a r  l i g h t i n g  c o n s t r a i n t )  
i s  a p p a r e n t  when t h e  p o s i t i m  o f  t h e  e a r t h  launch s i t e  
g e o m e t r i c a l l y  r e l a t e d  to t h e  p o s i t i o n  o f  t h e  t a r g e t  earth-moon 
v e c t o r .  It i s  shown t h a t  t h e  r i g h t  a s c e n s i o n  o f  t h e  l a u n c h  
s i t e  for P a c i f i c  i n j e c t i o n s  t r a i l s  t h i s  earth-moon v e c t o r  by 
O o  - 1800 o v e r  a l u n a r  c y c l e  w h i l e  t h e  r i g h t  a s c e n s i o n  of  t h e  
l a u n c h  s i t e  for A t l a n t i c  i n j e c t i o n s  leads by 0' - 180~. 
t h e  c u r r e n t  l u n a r  l i g h t i n g  c o n s t r a i n t  t h e  sun  t r a i l s  t h e  ear th-  
moon v e c t o r  by abou t  90'. When e x p r e s s e d  i n  t h i s  manner ,  It i s  
a p p a r e n t  t h a t  a v e r y  h i g h  p e r c e n t a g e  of the d a y l i g h t  l a u n c h e s  
a r e  a s s o c i a t e d  w i t h  P a c i f i c  i n j e c t i o n s .  

is 

Under 

2013-LPG-jdc 

At t achmen t s  
R e f e r e n c e s  
Appendixes  I, I1 and I11 
F i g u r e s  1 t h r o u g h  2 1  
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APPENDIX I 

AL 

DEC, 

DL 

DLA 

DLP 

DL 

c. P 

DECs 

Ese 

EAe 

EseA 

E s e p  

E s m  

EO 

m i 

S 
i 

QAm 

QA; 

QAS 

LIST AND DEFINITION OF SYMBOLS 

l a u n c h  az imuth  

d e c l i n a t i o n  o f  t h e  moon 

d i h e d r a l  a n g l e  ( g e n e r a l )  

d i h e d r a l  a n g l e  ( A t l a n t i c  i n j e c t i o n )  

d i h e d r a l  a n g l e  ( P a c i f i c  i n j e c t i o n )  

l e n g t h  o f  t h e  l o n g e s t  day  a t  Cape Kennedy 

l e n g t h  of  t h e  s h o r t e s t  day  a t  Cape Kennedy 

d e c l i n a t i o n  o f  t h e  sun  

e l e v a t i o n  of t h e  sun above t h e  h o r i z o n  a t  t h e  ea r th  
l a u n c h  s i t e  

approx ima te  v a l u e  o f  Ese 

Ese f o r  A t l a n t i c  i n j e c t i o n  l a u n c h e s  

Ese f o r  P a c i f i c  i n j e c t i o n  l a u n c h e s  

e l e v a t i o n  o f  t h e  sun above t h e  e a s t e r n  h o r i z o n  a t  t h e  
l u n a r  l a n d i n g  s i t e  

ESm f o r  A s  = 0 

i n c l i n a t i o n  o f  l u n a r  o r b i t  p l a n e  w i t h  r e s p e c t  t o  t h e  
e q u a t o r i a l  p l a n e  of t h e  e a r t h  

a n g l e  between e c l i p t i c  and e q u a t o r i a l  p l a n e s  ( 2  23 .45O)  

a n g u l a r  p o s i t i o n  of moon i n  i t s  o r b i t ,  measured from 
i t s  a s c e n d i n g  node 

a n g u l a r  p o s i t i o n  of t h e  moon as d e f i n e d  i n  F i g u r e  3 

a n g u l a r  p o s i t i o n  of sun  measured i n  t h e  e c l i p t i c  from 
t h e  v e r n a l  equinox 
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RALA - r i g h t  a s c e n s i o n  of l a u n c h  s i t e  f o r  A t l a n t i c  i n j e c t i o n  
l a u n c h e s  

RALp - r i g h t  a s c e n s i o n  o f  l a u n c h  s i t e  f o r  P a c i f i c  i n j e c t i o n  
l a u n c h e s  

- r i g h t  a s c e n s i o n  of  moon's  a s c e n d i n g  node,  t h e  n o d a l  RAnode l i n e  b e i n g  t h e  i n t e r s e c t i o n  between t h e  l u n a r  o r b i t a l  
p l a n e  and t h e  e q u a t o r i a l  p l a n e  

- s i d e  o f  s p h e r i c a l  t r i a n g l e  shown i n  F i g u r e  l b  

- r i g h t  a s c e n s i o n  of  t h e  moon 

- r i g h t  a s c e n s i o n  of t h e  s u n  

Rm 

RAm 

RAS 

W - a n g u l a r  v e l o c i t y  of t h e  e a r t h  r e l a t i v e  t o  t h e  sun 
( =  15 ' /hr )  e 

- s e l e n o g r a p h i c  l o n g i t u d e  o f  l a n d i n g  s i t e  

- l a u n c h  s i t e  l a t i t u d e  (2 28.5O g e o c e n t r i c )  +L 
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DETERMINATION OF LAUNCH SITE VECTOR 

F i g u r e  17a i s  a view o f  t h e  n o r t h e r n  hemisphere  of 
t h e  e a r t h ,  l o o k i n g  d i r e c t l y  a t  t h e  m e r i d i a n  which p a s s e s  
t h r o u g h  t h e  earth-moon v e c t o r .  The s p a c e c r a f t  o r b i t  i s  shown 
p a s s i n g  t h r o u g h  t h e  l a u n c h  s i t e ,  making a n  a n g l e  AL w i t h  t h e  
l a u n c h  s i t e  m e r i d i a n .  Applying s p h e r i c a l  t r i g o n o m e t r y  to 
s p h e r i c a l  t r i a n g l e  whose a n g l e s  a r e  C A ,  Bm’ and 1 8 0  - AL, 
o b t a i n  : 

-1 1 s i n  AL c o s  + L  
Bm = s i n  \ cos(DECm) < goo 

C O S  1 / 2  ( o L  - DEC,) 
cA = 2tan-1 ( c o s  1/2(180-DECm-+L)tan 1/2(180-AL+Bm) 

RALA = RAm t CA 

where RALA i s  t h e  r i g h t  a s c e n s i o n  o f  t h e  l a u n c h  s i t e  which i s  
ahead  of  t h e  earth-moon v e c t o r .  A l a u n c h  from t h i s  s i t e  i s  
i d e n t i f i e d  as  an A t l a n t i c  i n j e c t i o n  l a u n c h  s i n c e  t h e  t r a n s l u n a r  
i n j e c t i o n  p o i n t  i s  i n  most c a s e s  e a s t  o f  Cape Kennedy. 

F i g u r e  l 7 b  i l l u s t r a t e s  t h e  second s o l u t i o n  for t h e  
l o c a t i o n  of t h e  l a u n c h  s i t e  v e c t o r .  Here t h e  l a u n c h  s i t e  i s  
beh ind  t h e  earth-moon v e c t o r .  A l a u n c h  from t h i s  s i t e  i s  known 
a s  a P a c i f i c  i n j e c t i o n  l aunch  s i n c e  t h e  t r a n s l u n a r  i n j e c t i o n  
p o i n t  i s  i n  most c a s e s  west of  Cape Kennedy. The e q u a t i o n  for 
C becomes P 

C O S  1 / 2  ( $ L  - DEC,) 
-1 I C p  = 2 t a n  [ c o s  1 /2 (180  - DEC, -  tan 1 / 2 ( A L  t Bm) 
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RALp = RAm - C p  (21) 

where RALp i s  t h e  r i g h t  a s c e n s i o n  of t h e  l a u n c h  s i t e  shown i n  
F i g u r e  1 7 b .  By comparing E q u a t i o n s  ( 1 8 )  and ( 2 0 )  it can  b e  
s e e n  t h a t  CA e q u a l s  C p  when t h e  r e s p e c t i v e  v a l u e s  o f  AL are 
supp lemen ta ry .  

The d i h e d r a l  a n g l e  DL i s  t h e  a n g l e  between t h e  space-  
c r a f t  o r b i t  and t h e  l u n a r  o r b i t  p l a n e s ,  as shown i n  F i g u r e  l b .  

A '  
It i s  a l s o  shown i n  F i g u r e  l l a ,  where i t  i s  d e s i g n a t e d  by DL 

and i n  F i g u r e  1 7 b ,  where i t  a p p e a r s  a s  DLp. 
it c a n  be seen t h a t  

From t h e  f i g u r e s  

DLA - - Bm - Fm 

DLp = 180  - Bm - Fm 

where Bm can  be computed b y  E q u a t i o n  (17) and Fm c a n  be computed 
by  t h e  e q u a t i o n  

Fm = c o s  -1 ( c o s  Rm s i n  im) 

The d i h e d r a l  a n g l e  d o e s  n o t  a p p e a r  i n  any  of t h e  
l i g h t i n g  f o r m u l a s ,  bu t  i s  used as a n  o u t p u t  v a r i a b l e  t o  d i s -  
t i n g u i s h  between i n - p l a n e  and o u t - o f - p l a n e  l a u n c h e s .  

The b e h a v i o r  of  C A ,  C p , R A L A ,  RALp,  DL and DLP a re  A 
i l l u s t r a t e d  i n  F i g u r e s  18-21. 
AL was se t  e q u a l  t o  7 2 O ,  go", and 1080, and im was set  e q u a l  t o  
180  and 2 8 0 .  
o f  &Am. 

90' < &Am < 270°, and  a n e g a t i v e  o r  z e r o  s l o p e  elsewhere. 

&Am was v a r i e d  from 0 t o  3 6 0 0 ,  

F i g u r e  18 shows how C A  and C p  v a r y  as a f u n c t i o n  

The 

The c u r v e s  have a p o s i t i v e  s l o p e  i n  t h e  i n t e r v a l  of  
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c u r v e s  o f  F i g u r e  2 0  (RALA and R A L p )  show a n e a r l y  h o r i z o n t a l  
p o r t i o n  j o i n e d  t o  a p o r t i o n  h a v i n g  a n  a p p r e c i a b l e  p o s i t i v e  
s l o p e .  The c u r v e s  of F i g u r e  1 9  a re  s imilar ,  bu t  w i t h  a smaller 
d i f f e r e n c e  i n  s l o p e  between t h e  two p o r t i o n s .  The g e n e r a l  
t r e n d  can  be  e x p l a i n e d  as f o l l o w s :  RA i s  a lways  n e a r l y  e q u a l  
t o  &Am and t h e r e f o r e  can  be r e p r e s e n t e d  a p p r o x i m a t e l y  by a 
s t r a i g h t  l i n e  s t a r t i n g  a t  t h e  o r i g i n  hav ing  a s l o p e  o f  u n i t y .  
( T h i s  i s  shown as  l i n e  B-B i n  F i g u r e s  19 and 2 0 . )  By E q u a t i o n  
19 t h e  c u r v e  for RALA can  b e  c o n s t r u c t e d  by a d d i n g  t o g e t h e r  
c o r r e s p o n d i n g  o r d i n a t e s  from t h e  C and RAm c u r v e s .  There w i l l  
be  a s t e e p  p o r t i o n  i n  t h e  i n t e r v a l  90" < &Am < 270' where b o t h  
s l o p e s  a r e  p o s i t i v e ,  and a r e l a t i v e l y  f l a t  p o r t i o n  i n  t h e  re -  
ma inde r  of  t h e  i n t e r v a l  where t h e  s l o p e  of  t h e  C A  c u r v e  i s  
n e g a t i v e .  The b e h a v i o r  n f  t h e  R A L  cui?ve can be sirnilaril.7 
e x p l a i n e d  u s i n g  E q u a t i o n  ( 2 1 ) .  

m 

A 

A l Y  P 

The b e h a v i o r  o f  DLA and DLP i s  shown i n  F i g u r e  2 1  

The v a l u e s  of  &Am for i n - p l a n e  for im = 18 and  28 d e g r e e s .  
and  o u t - o f - p l a n e  l a u n c h e s  a r e  i n d i c a t e d  i n  t h e  d rawing .  
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GEOMETRICAL INTERPRETATION 

(1) Behavior  of t h e  Dihedral Angles  

R e f e r r i n g  t o  F i g u r e s  17a and 1 7 b ,  d u r i n g  t h e  l u n a r  
month t h e  earth-moon v e c t o r  moves a l o n g  t h e  c u r v e  r e p r e s e n t i n g  
t h e  l u n a r  o r b i t ,  making a comple te  c i r c u i t  a round t h e  e a r t h  i n  
2 7 . 3 2  d a y s .  The l a u n c h  s i t e  v e c t o r  moves w i t h  t h e  earth-moon 
v e c t o r  a l o n g  a l i n e  o f  c o n s t a n t  l a t i t u d e  and f o r  A t l a n t i c  i n -  
j e c t i o n  l a u n c h e s  s t a y s  ahead o f  i t  by C d e g r e e s .  It i s  
assumed t h a t  t h e  d e c l i n a t i o n  o f  t h e  moon i s  l e s s  t h a n  t h e  
l a t i t u d e  o f  Cape Kennedy. 
Then f o r  A t l a n t i c  i n j e c t i o n  l a u n c h e s ,  t h e  s p a c e c r a f t  o r b i t  
c u r v e  w i l l  have a p o s i t i v e  s l o p e  a t  t h e  earth-moon v e c t o r .  By 
t h e  same r e a s o n i n g ,  f o r  P a c i f i c  i n j e c t i o n  l a u n c h e s ,  t h e  space-  
c r a f t  o r b i t  c u r v e  w i l l  have a n e g a t i v e  slope a t  t h e  earth-moon 
v e c t o r .  It can  b e  s e e n  t h a t  DLp w i l l  be  l e s s  t h a n  DLA i n  t h a t  

p a r t  o f  t h e  l u n a r  c y c l e  when t h e  s l o p e  o f  t h e  l u n a r  o r b i t  
c u r v e  i s  n e g a t i v e ,  t h a t  i s ,  when 90" < &Am < 270". 
t h e n  t h e  r e g i o n  f o r  which P a c i f i c  l a u n c h e s  a re  o f  t h e  i n - p l a n e  
t y p e ,  c o n f i r m i n g  t h e  d e f i n i t i o n s  g i v e n  i n  F i g u r e  2 1 .  

A 

( T h i s  i s  a lmos t  a l w a y s  t h e  c a s e . )  

T h i s  i s  

E x p l a n a t i o n  of F i g u r e  1 6  

It has been i n d i c a t e d  above t h a t  as  t h e  moon r e v o l v e s  
o n c e  a round t h e  e a r t h ,  t h e  i n e r t i a l  p o s i t i o n  o f  t h e  two l a u n c h  
v e c t o r s  a l s o  makes one r e v o l u t i o n  a round t h e  e a r t h .  The be-  
h a v i o r  i s  q u i t e  d i f f e r e n t  i f  t h e  two l a u n c h  v e c t o r s  a re  d e s i g -  
n a t e d  as  i n - p l a n e  and ou t -o f -p l ane ,  r a t h e r  t h a n  A t l a n t i c  and 
P a c i f i c  i n j e c t i o n  v e c t o r s .  A s  shown i n  F i g u r e  19 and 20,  as 
&Am v a r i e s  from 0 t o  360" t h e  i n - p l a n e  l a u n c h  v e c t o r  r e m a i n s  
r e l a t i v e l y  f i x e d  i n  s p a c e ,  having  a n  a v e r a g e  r i g h t  a s c e n s i o n  of 
a b o u t  90" .  From F i g u r e  5,  it c a n  be s e e n  t h a t  d a y l i g h t  w i l l  
o c c u r  a t  a l a u n c h  s i t e  l o c a t i o n  s p e c i f i e d  by RAL = 90" o n l y  i f  
RAs  i s  i n  t h e  r a n g e  0 < RAs  < 180". 
c o n c l u s i o n s  drawn from F i g u r e  1 6 ,  t h a t  d a y l i g h t  i n - p l a n e  
l a u n c h e s  o c c u r  o n l y  i n  t h e  s p r i n g  and summer months.  

T h i s  c o n f i r m s  one  of  t h e  

R e f e r e n c e  t o  F i g u r e s  1 9  and 2 0  w i l l  a l s o  show t h a t  t h e  
o u t - o f - p l a n e  l a u n c h  v e c t o r  makes two comple t e  r e v o l u t i o n s  a round  
t h e  ea r th  d u r i n g  one  l u n a r  c y c l e .  Thus,  r e g a r d l e s s  of  t h e  
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i n e r t i a l  p o s i t i o n  o f  t h e  sun, t h e r e  w i l l  be i n  g e n e r a l  two 
p e r i o d s  d u r i n g  t h e  l u n a r  month when t h e  l a u n c h  v e c t o r  i s  i n  
d a y l i g h t .  T h i s  c o n f i r m s  a n o t h e r  c o n c l u s i o n  r e s u l t i n g  from 
F i g u r e  1 6 ,  t h a t  t h e  number of  o u t - o f - p l a n e  d a y l i g h t  l a u n c h e s  
p e r  month i s  r e l a t i v e l y  c o n s t a n t  t h r o u g h o u t  t h e  y e a r .  

( 3 )  E f f e c t  o f  Imposing Both L i g h t i n g  C o n s t r a i n t s  

I n  s e c t i o n  V i t  was p o i n t e d  o u t  t h a t  p r a c t i c a l l y  a l l  
A t l a n t i c  i n j e c t i o n  l a u n c h e s  a r e  e l i m i n a t e d  when b o t h  l i g h t i n g  
c o n s t r a i n t s  a re  imposed, and a s i m p l e  g e o m e t r i c a l  e x p l a n a t i o n  
of  t h i s  e f f e c t  was g i v e n .  A d i f f e r e n t  e x p l a n a t i o n  can  be  
g i v e n  w i t h  t h e  a id  o f  F i g u r e s  19 and 2 0 .  A s  has been  ment ioned  
p r e v i o u s l y  t h e  l u n a r  l i g h t i n g  c o n s t r a i n t  i s  a p p r o x i m a t e l y  

c a n  be r e p r e s e n t e d  by t h e  s t r a i g h t  l i n e  A-A i n d i c a t e d  i n  
F i g u r e s  19 and 2 0 .  

d o e s  no t  d i f f e r  g r e a t l y  f r o m  RAs ,  and t h e r e f o r e ,  most P a c i f i c  
l a u n c h e s  w i l l  b e  i n  d a y l i g h t .  On t h e  o t h e r  hand,  RALA g e n e r -  
a l l y  d i f f e r s  from RAs by  about  1800, and t h u s ,  A t l a n t i c  i n j e c -  
t i o n  l a u n c h e s  i n  g e n e r a l  w i l l  o c c u r  a t  n i g h t .  

s a t i s f i e d  when RAs = RAm - 90 .  S i n c e  RAm = r(, &Am, t h i s  e q u a t i o n  

Note t h a t  t h r n u g h o u t  t h e  l u x r  month,  R A i P  
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FIGURE 3 - GEOMETRY OF LUNAR LIGHTING 
(SELENOGRAPH IC LONG ITUDE OF OBSERVER = 0) 
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FIGURE 6 - LOCUS OF THE MOON'S MOTION 
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F IGURE 7 - LUNAR L I G H T I N G  CONTOURS 
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FIGURE 10 - CONTOURS FOR THE 1971 - 7 6  PERIOD, PACIFIC INJECTION 
(i, = 23.LC5', R A n o d e  = -13') 
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FIGURE I I  - CONTOURS FOR THE 1971 - 7 6  PERIOD, ATLANTIC INJECTION 
( i ,  = 23.45', R A n o d e  = -13') 
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FIGURE 12 - CONTOURS FOR THE 1976 - 80 PERIOD, PACIFIC INJECTION 
( i ,  = 1 8 . 3 O ,  R A n o d e  = 0) 



FIGURE 13 - CONTOURS FOR THE 1976 - 80 PERIOD, ATLANTIC INJECTION 
( i m  = 18.3', R A n o d e  0) 
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FIGURE Ill - CONTOURS FOR THE 1980 - 8 5  PERIOD, PACIFIC INJECTION 
( i , , ,  = 23.115O, RAnode = 1 3 O )  
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FIGURE 15 - CONTOURS FOR THE 1980'- 85 PERIOD, ATLANTIC IMJECTIOtI 
( i n  = 23.45O, R A n o d e  = 13.) 
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FIGURE 17 - SPHERICAL TRIANGLES FOR THE DETERMINATION OF THE LAUNCH S I T E  
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F I G U R E  19 - BEHAVIOR OF RAL, AND RAL,, i = 1 8 O  

( A L  = 7 2 O ,  90°, AND 1 0 8 O )  
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FIGURE 20 - BEHAVIOR OF RAL, AND RAL,, i,,, = 2 8 O  
(AL = 7 2 O ,  90°, AND 108O) 
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